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HIGHLIGHTS 


•  Amorphous  Li3P04  was  stacked  on  the  epitaxial  LiNio.5Mn1.5O4  films. 

•  Li3P04  stacking  affected  the  electronic  state  of  the  LiNio.5Mn1.5O4. 

•  Li3P04  stacking  improved  the  cycling  performance  of  LiNio.5Mm.5O4  surface. 
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The  effect  of  Li3P04  coating  was  investigated  for  LiNio.5Mn1.5O4  epitaxial  thin  film  electrodes  synthesized 
on  SrTi03  substrates  by  pulsed  laser  deposition  (PLD).  Amorphous  Li3P04  with  a  thickness  of  1-4  nm  was 
coated  at  room  temperature  onto  30  nm  thick  epitaxial  LiNio.5Mn1.5O4  thin  films  with  (111),  (110)  and 
(100)  lattice  orientations.  Electrodes  with  the  surface  coating  exhibit  high  charge-discharge  capacities 
and  small  capacity  degradation  during  cycling  experiments  in  the  high  voltage  region.  X-ray  absorption 
near  edge  structure  (XANES)  and  hard  X-ray  photoelectron  spectroscopy  (HAXPES)  analyses  indicate  a 
higher  manganese  valence  for  the  electrode  surface  of  the  Li3P04  stacked  LiNio.5Mn1.5O4  film  than  that 
for  the  surface  of  a  pristine  LiNio.5Mn1.5O4  film.  Thus,  surface  coating  affects  the  manganese  valence  near 
the  electrode  surface  and  improves  the  cycling  characteristics. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Since  the  discovery  of  lithium-ion  batteries,  this  extremely 
useful  secondary  battery  system  has  been  widely  applied  to  small- 
scale  electronic  devices  such  as  cellular  phones  and  laptop  com¬ 
puters.  Further  developments  in  performance  have  proceeded  for 
application  to  large-scale  devices.  Among  the  current  develop¬ 
mental  research  topics  for  this  battery  system,  increase  in  the  en¬ 
ergy  density  is  an  important  issue  for  next-generation  batteries,  so 
that  high  voltage  positive  electrode  materials  are  very  promising. 
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The  transition  metal  oxide  with  spinel  structure,  LiNio.5Mn1.5O4, 
is  a  candidate  material  for  a  high-energy  battery  system  due  to  its 
high  operating  voltage  [1—3],  The  spinel  material  is  stable  under 
cell  voltages  of  4—5  V,  which  is  much  higher  than  conventional 
positive  electrode  materials.  Furthermore,  this  material  has  the 
advantages  of  low  cost  and  low  toxicity  compared  to  other  con¬ 
ventional  electrode  materials  such  as  LiCo02.  However,  the  high 
operating  voltage,  which  is  close  to  the  decomposition  potential  for 
conventional  electrolytes  [4,5  ,  causes  rapid  capacity  degradation, 
particularly  at  elevated  temperatures  [6,7].  To  achieve  stable  and 
reliable  charge— discharge  characteristics  at  high  voltage  regions, 
material  modification  using  a  surface  coating  technique  is  an 
effective  method  that  has  been  commonly  used  to  improve  battery 
characteristics.  A  wide  variety  of  coating  materials  have  been 
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reported  for  LiNio.5Mn1.5O4  to  date,  such  as  AIPO4  [8],  Si02  [9],  ZnO 
[10,11],  BiOF  [12],  ZrP207  [13],  Zr02  [13],  and  such  coating  was 
found  to  be  very  efficient  for  improvement  of  the  charge  and 
discharge  characteristics.  Although  mechanistic  studies  using 
impedance  spectroscopy  and  transmission  electron  microscopy 
(TEM)  analysis  have  emphasized  the  importance  of  interfacial  re¬ 
actions  [6—15],  a  detailed  reaction  mechanism  has  yet  to  be 
clarified. 

Recently,  epitaxial  thin  films  have  been  proposed  as  an  ideal 
model  system  for  mechanistic  studies  to  clarify  the  electrochemical 
reactions  that  occur  at  the  electrode  surface  because  of  the 
following  advantages  [16—18]:  (i)  epitaxial  thin  films  provide  a  flat 
electrode  surface  with  a  roughness  of  less  than  1  nm,  (ii)  aniso¬ 
tropic  reactions  dependent  on  the  crystal  lattice  orientation  can  be 
detected  because  the  orientation  of  thin  film  is  controlled  by  the 
choice  of  substrate  orientation,  (iii)  thin  films  with  nanosized 
(<100  nm)  electrodes  can  be  easily  fabricated  by  changing  the  film 
deposition  period,  and  (iv)  the  influence  of  the  conducting  material 
and  binder  for  the  reaction  mechanism  can  be  eliminated. 

Epitaxial  thin  films  of  LiNio.5Mn1.5O4  were  synthesized  on  SrTi03 
substrates  with  the  lattice  orientation  controlled  by  changing  the 
substrate  orientation;  LiNi05Mni 5O4  films  with  (111),  (110)  and 
(100)  orientations  were  synthesized  and  their  electrochemical 
characteristics  were  clarified.  Although  the  LiNio.5Mn1.5O4  films 
have  high  discharge  capacities,  they  showed  poor  cycling  perfor¬ 
mance  [19],  Further  studies  to  improve  the  cycling  characteristics  at 
high  voltages  and  mechanistic  studies  in  the  high  voltage  region 
have  been  required. 

in  the  present  study,  the  effect  of  Li3P04  coating  for 
LiNio.5Mn1.5O4  has  been  studied  using  epitaxial  thin  film  model 
electrodes.  The  Li3P04  solid-electrolyte  was  coated  onto 
LiNio.sMni  5O4  thin  films  synthesized  on  the  SrTi03  substrates  with 
(111),  (110)  and  (100)  orientations  by  pulsed  laser  deposition  (PLD) 
in  an  attempt  to  improve  the  electrochemical  characteristics.  The 
reaction  mechanism  of  Li3P04  coated  LiNio.5Mn1.5O4  films  was 
examined  using  X-ray  diffraction  (XRD),  X-ray  absorption  near  edge 
structure  (XANES),  and  hard  X-ray  photoelectron  spectroscopy 
(HAXPES)  measurements. 

2.  Experimental 

LiNio.5Mn1.5O4  and  Li3P04  coated  LiNio.5Mn1.5O4  thin  films  were 
grown  on  single-crystal  SrTi03(lll),  (110)  and  (100)  substrates.  A 
SrRu03  layer  was  fabricated  between  the  LiNio.5Mn1.5O4  film  and 
the  substrate  as  a  buffer  layer  to  provide  high  electronic  conduc¬ 
tivity  at  the  substrate— electrode  interface  and  improve  the  charge- 
and-discharge  characteristics  [20],  The  films  were  synthesized  us¬ 
ing  a  KrF  excimer  laser  with  a  wavelength  of  248  nm  and  a  PLD 
system  (PLAD312,  AOV.  Inc.).  The  substrates  were  washed  with 
ultrapure  water  and  annealed  at  1000  °C  under  oxygen  gas  flow. 
After  the  annealing  treatment,  gold  was  deposited  on  both  the  back 
and  lateral  sides  of  the  substrates  using  a  sputtering  system  (Quick 
Coater  SC-701,  Sanyu  Electron  Co.,  Ltd.).  The  LiNio.5M1i1.5O4  target 
was  fabricated  by  the  solid-state  reaction  of  LQCC^,  NiO  and  Mn02 
as  starting  materials.  The  starting  materials  were  thoroughly 
mixed,  pelletized,  and  calcined  at  1000  °C  for  12  h,  followed  by 
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Fig.  1.  XRD  patterns  for  Li3P04/LiNi0.5Mni504  thin  films  deposited  on  SrTi03(lll), 
(110)  and  (100)  substrates:  (a)  out-of-plane  and  (b)  in-plane  patterns  along  the  [1- 
10](SrTiO3  (111),  (110))  and  [Oil]  (SrTi03  (100))  direction  of  the  substrates. 


subsequent  heating  at  700  °C  for  24  h  under  an  oxygen  atmosphere. 
The  LiNi0.5Mni5O4  target  had  an  excess  lithium  content  [Li/ 
(Ni  +  Mn)  =  0.6]  to  compensate  for  lithium  loss  during  the  PLD 
process.  Sintered  S1RUO3  (Toshima  Manufacturing  Co.,  Ltd.)  was 
used  as  the  PLD  target.  The  Li3P04  target  was  synthesized  by 
calcining  y-Li3P04  at  850  °C  for  12  h  in  air.  Table  1  summarizes  the 
PLD  conditions  employed  for  each  thin  film.  After  deposition  of  the 
Si  RuOj  layer,  the  substrates  were  cooled  to  room  temperature  and 
then  reheated  to  650  °C  for  LiNio.5M1i1.5O4  deposition.  The  sub¬ 
strates  were  then  cooled  to  room  temperature  and  Li3P04  was 
deposited  on  the  surface  of  the  electrodes.  The  entire  process  for 
the  deposition  of  multiple  layers  was  performed  in  a  vacuum 
chamber  to  avoid  surface  contamination  during  the  synthesis 
procedure. 

Thin  film  X-ray  diffraction  (XRD)  patterns  were  recorded  using  a 
diffractometer  (ATX-G,  Rigaku)  with  Cu  Koq  radiation.  The  thin  film 
orientations  were  characterized  using  out-of-plane  and  in-plane 
measurements.  The  thickness,  density,  and  surface  roughness 
were  determined  by  X-ray  reflectivity  (XRR)  analysis  using  Par- 
ratt32  software  [21], 


Table  1 

PLD  conditions  for  Li3P04,  LiNio.5Mni504  and  SrRu03  thin  films  deposited  on  the  SrTi03(lll),  (110)  and  (100)  substrates. 


Target 

Frequency  //Hz 

Time  t/ min 

Pressure  P/Pa 

Temperature  T/°C 

Distance  d/mm 

Energy  E/mJ 

U3PO4 

10 

3 

3.3 

25 

60 

150 

LiNin  sMfli  SO4 

10 

60 

6.6 

650 

60 

150 

SrRu03 

5 

30 

10 

700 

60 

200 
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Table  2 

Lattice  parameters  calculated  from  out-of-plane  and  in-plane  XRD  measurements 
for  LiNio.sMn!  504  and  Li3P04/LiNio.5Mn1-504  thin  films  deposited  on  the  SrTi03(lll ), 
(110)  and  (100)  substrates. 


LiNio.sMri!  5O4 

orientation 

Coating 

Out-of-plane  lattice 
parameter  a/ A 

In-plane  lattice 
parameter  a/ A 

111 

Non-coated  (Ref.  [19]) 

8.23 

8.29 

U3PO4 

8.17 

8.20 

110 

Non-coated  (Ref.  [19]) 

8.27 

8.29 

U3PO4 

8.19 

8.22 

100 

Non-coated  (Ref.  [19]) 

8.28 

8.24 

Li3P04 

8.20 

8.19 

Fig.  2.  XRR  spectrum  and  fitting  curve  for  L^POJLiNio.sMn]  504  thin  film  deposited  on 
the  SrTi03(lll)  substrate. 

Charge— discharge  measurements  were  examined  using  2032- 
type  coin  cells  assembled  in  an  argon-filled  glove  box  with  lithium 
metal  as  the  counter  electrode  and  the  LiNio.5Mn1.5O4  thin  film  as 
the  working  electrode.  The  electrolyte  employed  was  ethylene 
carbonate  (EC)/diethyl  carbonate  (DEC)  in  a  molar  ratio  of  3:7  as  a 
solvent  with  a  supporting  electrolyte  of  1  M  LiPFg.  The  char¬ 
ge-discharge  characteristics  of  the  epitaxial  films  were  examined 
in  the  range  of  3.2— 5.0  V  with  a  current  density  of  1.1  pA  citT2 
(TOSCAT— 3100,  Toyo  System  Co.,  Ltd).  The  capacities  of  the  thin 
films  were  calculated  from  the  deposited  area  (10  x  9  mm2). 

Mn  K-edge  XANES  measurements  were  performed  in  fluores¬ 
cence  mode  using  a  germanium  single-element  solid-state  detector 
(Ge  SSD)  installed  at  the  BL14B2  beamline  of  SPring-8,  Japan. 

HAXPES  measurements  were  performed  to  evaluate  the  electric 
structures  of  the  thin  film  electrodes  after  the  cell  was  galvanos- 
tatically  cycled  between  3.2  and  5.0  V.  HAXPES  measurements  were 
performed  using  a  hemispherical  electronanalyzer  (VG-S1ENTA  R- 
4000)  installed  at  the  in-vacuum  undulator  BL46XU  beamline  of 


Table  3 

XRR  analysis  results  for  Li3P04/LlNio.5Mni.504  thin  films  deposited  on  the 
SrTi03(lll),  (110)  and  (100)  substrates. 


Substrate 

orientation 

Layer 

Thickness 

t/nm 

Density 
d/g  cm-3 

Roughness 

r/nm 

SrTi03(lll) 

Li3P04 

1.1 

2.0 

0.5 

LiNio.5Mn1.5O4 

30.6 

4.5 

1.3 

SrRu03 

15.1 

6.3 

1.8 

SrTi03(l  10) 

Li3P04 

3.6 

1.8 

0.7 

LiNio.5Mn1.5O4 

29.0 

4.5 

2.8 

SrRu03 

20.4 

6.2 

3.5 

SrTi03(100) 

Li3P04 

0.7 

2.1 

0.2 

LiNinsMm  ^04 

26.5 

4.5 

0.9 

SrRu03 

13.6 

6.0 

1.4 

Energy  E/eV 


Fig.  3.  Mn  K-edge  XANES  spectra  for  LiNio.5Mni.504(lll)  and  Li3P04/ 
LiNi0.5Mn,5O4(lll)  thin  films. 


Fig.  4.  Charge-discharge  curves  of  the  1st  cycle  for  (a)  LiNi0.5Mn15O4(lll),  Li3P04/ 
LiNio.5Mn1.504(lll),  (b)  LiNio.sMiHsO^llO),  Li3P04/LiNio.5Mn1.504(110)  and  (c) 
LiNi0.5Mn15O4(100),  Li3PO4/LiNi0.5Mn15O4(100)  thin  films. 


296 


H.  Konishi  et  al.  /  Journal  of  Power  Sources  269  (2014)  293-298 


SPring-8,  Japan.  The  X-rays  were  monochromated  using  a  Si(lll) 
double  crystal  system.  The  binding  energy  was  calibrated  using  the 
Au  4f7/2  peak  at  84.0  eV  of  a  gold  reference  sample.  The  X-ray  en¬ 
ergy  of  7940  eV  was  selected  to  enhance  the  probe  depth.  The 
probe  depth  can  be  controlled  by  regulating  the  photoelectron 
take-off-angle  (TOA)  of  80°,  which  corresponds  to  the  electronic 
structure  of  the  LiNio.5Mn1.5O4  thin  film  inside  the  coating  layer. 

3.  Results  and  discussion 

3.3.  Structure  of  U3PO4  stacked  LiNio.5Mnj.5O4  thin  film 

XRD  and  XRR  analyses  were  applied  to  characterize  the  U3PO4 
coated  LiNio.sMnj  5O4  thin  films  (Li3P04/LiNio.5Mnj.504)  deposited 
on  SrTi03(in),  (110)  and  (100)  substrates.  Fig.  1  shows  out-of-plane 
and  in-plane  XRD  patterns  for  Li3P04/LiNio.5Mni.504  thin  films 
deposited  on  SrTi03(lll ),  (110)  and  (100)  substrates.  The  diffraction 
patterns  show  reflections  due  to  LiNio.5Mn1.5O4,  while  no  reflection 
peaks  from  the  coated  Li3P04  film  were  observed.  These  results 
indicate  that  the  Li3P04  coating  does  not  affect  the  orientation  of 
the  LiNio.5Mn1.5O4  thin  films  and  that  the  Li3P04  film  is  amorphous. 
The  LiNio.sMnj  5O4  thin  films  have  lattice  orientations  of  (111 ),  (110) 
and  (100)  that  correspond  to  the  SrTi03(lll),  (110)  and  (100)  sub¬ 
strates,  respectively  [19],  Table  2  summarizes  the  calculated  lattice 
parameters  determined  from  the  out-of-plane  and  in-plane  XRD 
measurements.  The  lattice  parameters  of  the  LiNio.5Mnj.504(lll), 
(110)  and  (100)  thin  films  calculated  from  out-of-plane  measure¬ 
ments  decreased  from  8.23,  8.27,  and  8.28  to  8.17,  8.19,  and  8.20  A, 
respectively,  with  the  Li3P04  coating.  The  lattice  parameters  of  the 


thin  films  calculated  from  in-plane  measurements  showed  the 
same  tendency.  The  Li3P04  coating  affects  the  structure  of  the  films 
and  results  in  a  lattice  that  is  smaller  than  the  pristine  film.  Fig.  2 
shows  XRR  spectrum  and  fitting  curve  for  the  L^PC^/ 
LiNio.5Mnj.5O4  thin  film  deposited  on  a  SrTi03(lll)  substrate.  The 
spectrum  is  plotted  as  a  function  of  the  scattering  vector, 
Qz  =  4irsin(?/7,  where  A  is  the  X-ray  wavelength  (1.541  A)  and  8  is 
the  incident  angle.  A  three-layer  model  consisting  of  the  Li3P04 
layer,  LiNio.5Mnj.5O4  layer  and  the  buffer  SrRu03  layer  was  applied 
for  the  fittings.  Table  3  summarizes  the  fitting  results  for  the  XRR 
analysis  and  those  reported  for  the  pristine  samples.  The  thickness 
and  density  of  LiNi0.5Mnj5O4  and  SrRu03  in  the  Li3P04/ 
LiNio.5Mnj.5O4  thin  films  are  almost  the  same  as  those  observed  for 
the  LiNio.5Mnj.5O4  films  reported  previously  [19],  The  thicknesses 
and  densities  of  the  stacked  Li3P04  films  were  0.7— 3.6  nm  and 
1.8— 2.1  g  cnT3,  respectively,  for  all  film  orientations.  The  observed 
densities  of  1.8— 2.1  g  cnrr3  are  slightly  lower  than  that  of  the  bulk 
crystalline  material,  y-Li3P04  ( d  =  2.43  g  cm-3). 

Fig.  3  shows  Mn  K-edge  XANES  spectra  for  the 
LiNio.5Mnj.504(lll)  and  Li3P04/LiNio.5Mnj.504(lll)  thin  films.  The 
half-height  energy  (jit  =  0.5)  shifts  to  higher  energy  with  the  Li3P04 
coating,  which  indicates  an  increase  in  the  manganese  valence  [22], 
Thus,  the  Li3P04  coating  affects  the  manganese  valence  state  of  the 
LiNio.5Mnj.5O4  surface.  The  change  in  the  valence  state  of  manga¬ 
nese  ions  could  be  explained  by  the  following,  (i)  The  positive 
electrode  surface  is  in  direct  contact  with  moisture  and  carbon 
dioxide  in  the  open  atmosphere,  so  that  the  manganese  valence 
state  at  the  surface  may  be  changeable  [23,24],  Surface  coating  may 
suppress  the  direct  contact  between  the  LiNio.5Mnj.5O4  surface  and 


Fig.  5.  Discharge  curves  of  the  2nd,  5th,  10th  and  20th  cycles  for  (a)  LiNio.sMnj  504(  111),  (b)  Li3P04/LiNio.sMni.s04(  111),  (c)  LiNinsMn1s04(100)  and  (d)  Li3P04/LiNio.sMni.s04(100) 
thin  films. 
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the  atmosphere,  (ii)  The  U3PO4  coating  layer  may  act  as  an  elec¬ 
trolyte  when  in  contact  with  the  LiNio.5Mn1.5O4  surface,  and  this 
may  therefore  change  the  electronic  state  of  LiNio.sMni  504  with 
the  formation  of  an  electronic  double  (space  charge)  layer  in  the 
interfacial  region.  A  space  charge  layer  is  formed  between  two 
different  phases  with  different  chemical  potentials  and  lithium-ion 
diffusion  at  the  interfacial  boundary  region  can  be  affected  by  the 
change  in  the  electronic  state  [25—27].  Further  studies  on  the 
electronic  structure  at  the  interfacial  region  are  necessary  to 
confirm  such  physical  phenomena  at  the  boundary. 

3.2.  Electrochemical  properties  of  Li3PO4/LiNi05Mnr .5O4  thin  films 

Fig.  4  shows  charge— discharge  curves  of  the  1st  cycle  for  LbPCU/ 
LiNio.5Mn1.5O4  thin  films  with  (111),  (110)  and  (100)  orientations, 
together  with  those  of  LiNio.5Mn1.5O4  reported  previously  [19], 

The  charge  capacities  of  these  films  exceed  their  theoretical 
capacities  (148  mAh  g_1)  because  the  reaction  voltage  of 
LiNio.5Mn1.5O4  is  close  to  the  decomposition  voltage  of  EC/DEC 
(5.0  V)  [5  j.  The  Li3P04  coating  on  the  surface  affects  the  discharge 
behavior  of  LiNio.5Mn1.5O4  with  all  orientations,  which  might  be 
related  to  the  crystal  structure  of  LiNio.sMni  5O4.  The  LiNio.sMni  5O4 
spinel  has  been  reported  to  have  two  types  of  crystal  structures;  an 
ordered  LiNio.5Mn1.5O4  spinel  structure  with  the  space  group  P4332 
and  a  disordered  spinel  structure  with  a  composition  of 
LiNio.5Mni.504_a  and  the  space  group  Fd-3m.  The  charge— discharge 
reaction  of  the  ordered  LiNio.5Mn1.5O4  proceeds  via  the  Ni2+/Ni4+ 
redox  couple  with  only  one  voltage  plateau  around  4.7  V.  In 
contrast,  the  oxygen  deficient  disordered  LiNi0.5Mni.5O4_5  contains 
trivalent  manganese  and  exhibits  two  voltage  plateaus  in  the 
charge— discharge  curves  at  around  4.7  V  (Ni2+/Ni4+)  and  4.1  V 
(Mn3+/Mn4+)  [28-32], 

Fig.  4(a)  shows  charge— discharge  curves  of  the  1st  cycle  for  the 
LiNio.5Mni.504(lll)  and  Li3P04  coated  LiNio.5Mni.504(lll)  thin 
films.  Two  plateaus  at  around  4.7  and  3.9  V  are  observed  in  both 
films.  However,  the  Mn3+/Mn4+  plateau  for  the  coated 
LiNio.5Mn1.5O4  film  is  smaller  than  that  of  the  non-coated 
LiNio.5Mn1.5O4  film,  which  indicates  that  the  Mn3+/Mn4+  ratio  is 
decreased  with  Li3P04  coating.  This  is  consistent  with  the  XANES 
measurement  results,  which  indicate  higher  manganese  valence  for 
the  Li3P04  coated  samples. 

Fig.  4(b)  and  (c)  shows  charge— discharge  curves  of  the  1st  cycle 
for  the  LiNio.5Mn1.5O4  and  Li3PO4ZLiNio.5Mn1.5O4  films  with  (110) 
and  (100)  orientations.  The  Mn3+/Mn4+  redox  reaction  was  sup¬ 
pressed  by  the  Li3P04  coating,  similarly  to  that  observed  for  the 
Li3P04/LiNio.5Mni.504(lll)  film,  and  no  significant  differences  in 
the  discharge  curves  and  electrochemical  characteristics  were 
observed  for  these  different  orientations  of  the  coated  films. 

Fig.  5  shows  the  discharge  curves  of  the  2nd,  5th,  10th  and  20th 
cycles  of  the  LiNio.5Mn1.5O4  and  Li3PO4ZLiNio.5Mn1.5O4  films  with 
the  (111)  and  (100)  orientations.  The  discharge  capacities  of  Li3P04/ 
LiNio.5Mni.504(lll)  film  were  larger  than  those  of  the 
LiNio.5Mni.504(lll)  film.  The  Li3P04  coating  improved  the  cycling 
performance  for  the  LiNio.5Mni.504(100)  film,  as  shown  in  Fig.  5(c) 
and  (d).  Although  the  capacity  degradation  of  the  coated  films  was 
rather  small,  a  decrease  in  the  cell  voltage  around  4.7  V  was 
observed  in  the  10th  and  20th  cycles.  This  may  correspond  to  an 
increase  in  the  cell  resistance,  which  might  be  due  to  an  increase  in 
the  solid  electrolyte  interphase  (SEI)  layer  formed  by  oxidation  of 
the  electrolyte  [5,33], 

3.3.  The  oxidation  state  after  the  1st  cycle 

Fig.  6  shows  Mn2p3/2  HAXPES  spectra  and  their  fitting  curves  for 
LiNio.5Mni.504(lll)  and  LbPCU/LiNio.sMni.sC^lll)  thin  films  after 
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Fig.  6.  Mn2p3/2  HAXPES  spectra  and  fitting  curves  after  1st  cycle  for  (a) 
LiNio.5Mn,504(lll)  and  (b)  Li3P04/LiNio.5Mn1504{lll)  thin  films. 


the  1st  charge— discharge  cycle.  The  spectra  were  collected  at  a  TOA 
of  80°,  which  corresponds  to  the  electronic  structure  of  the  thin 
films  inside  the  coating  layer.  The  Mn2p3/2  spectra  of  both  films  can 
be  divided  into  two  peaks  around  641.9  and  642.8  eV,  which  are 
attributed  to  the  Mn3+  and  Mn4+  states,  respectively  [34,35],  The 
peak  intensity  for  Mn3+  in  L^PC^/LiNio.sMni.sC^lll)  film  is 
smaller  than  that  of  the  LiNio.sMni.sC^lll)  film,  which  indicates  a 
higher  manganese  valence  in  the  coated  film.  The  trivalent  man¬ 
ganese  valence,  Mn3+,  is  present  in  both  the  initial  state  and  after 
the  1st  charge— discharge  cycle  for  the  surface  of  LiNio.sMni  5O4 
without  the  L^PC^  coating.  A  lower  manganese  valence  state 
causes  manganese  dissolution  [36,37]  and  lattice  distortion  by  the 
Jahn— Teller  effect  [38,39],  which  may  also  be  related  to  the 
degradation  in  capacity.  The  L^PC^  coating  changes  the  manganese 
valence  state  of  the  electrode  surface  and  maintains  a  slightly 
higher  manganese  valence  state,  which  may  improve  the  char¬ 
ge-discharge  characteristics.  The  change  in  the  manganese  valence 
state  may  also  be  attributed  to  a  difference  in  the  chemical  potential 
between  Li3PC>4  and  LiNio.5Mn1.5O4  and  the  resultant  formation  of  a 
space  charge  layer  [25—27],  Further  studies  on  the  structure  and 
electronic  state  are  necessary  to  confirm  the  formation  of  the 
deficient  phases  at  the  two-phase  boundary  region. 

4.  Conclusions 

The  effects  of  surface  coating  on  high  voltage  positive  electrode 
materials  with  the  spinel  structure  were  examined.  Amorphous 
Li3P04  was  coated  onto  epitaxial  LiNio.5Mn1.5O4  thin  film  at  room 
temperature  without  changing  the  orientation  of  LiNio.5Mn1.5O4 
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films.  However,  the  coating  affected  the  lattice  parameter,  elec¬ 
tronic  state  of  manganese  and  electrochemical  properties.  The 
improved  cycling  performance  was  explained  by  the  change  in  the 
manganese  valence  state  at  the  surface  of  the  electrode.  A  higher 
valence  state  at  the  surface  region  by  U3PO4  coating  reduces  the 
manganese  dissolution  and  lattice  distortion  of  the  electrode, 
which  improves  the  cycling  characteristics.  These  results  indicate 
that  controlling  the  electronic  state  of  manganese  at  the  surface  is 
important  to  improve  the  stability  of  LiNio.5Mn1.5O4  surface. 
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